Herpes simplex virus 1 (HSV-1) and HSV-2, two closely related neurotropic human herpesviruses, achieve neurotropism through ICP34.5, a major viral neurovirulence factor. In this report, in addition to the full-length 38-kDa protein (ICP34.5␣), we identified a 28-kDa novel form of ICP34.5 (ICP34.5␤) in HSV-2-infected cells. ICP34.5␤ is translated from unspliced ICP34.5 mRNA, with the retained intron introducing a premature stop codon. Thus, ICP34.5␤ lacks the C-terminal conserved GADD34 domain but includes 19 additional amino acids encoded by the intron. Although a fraction of both HSV-2 ICP34.5 proteins are detected in the nucleolus, ICP34.5␣ is predominantly located in cytoplasm, and ICP34.5␤ is mainly detected more diffusely in the nucleus. ICP34.5␤ is unable to counteract PKR-mediated eIF2 phosphorylation but does not interfere with ICP34.5␣'s function in this process. Efficient expression of ICP34.5␤ in cell culture assays is dependent on viral infection or expression of ICP27, a multifunctional immediate-early gene. The effect of ICP27 on the ICP34.5␤ protein level is attributed to its selective inhibition of ICP34.5 splicing, which results in increased expression of ICP34.5␤ but a reduced level of ICP34.5␣. The C-terminal KH3 domain but not the RNA binding domain of ICP27 is required for its specific inhibition of ICP34.5 splicing and promotion of ICP34.5␤ expression. Our results suggest that the expression of ICP34.5␣ and ICP34.5␤ is tightly regulated in HSV-2 and likely contributes to viral pathogenesis.
H
erpes simplex virus 1 (HSV-1) and HSV-2 are closely related neurotropic herpesviruses. HSV-1 typically infects the facial region and establishes a lifelong latent infection in sensory neurons of the trigeminal ganglia, while HSV-2 typically infects the genital region and establishes a lifelong latent infection in sensory neurons of the sacral dorsal root ganglia. Periodically, either virus may reactivate to cause symptomatic or asymptomatic recurrences in the area served by these sensory neurons. ICP34.5, a major viral neurovirulence factor, is required for efficient viral replication in neurons (1) (2) (3) (4) . ICP34.5 deletion mutants show significantly decreased replication in the human brain (5-7). Although ICP34.5 is characterized as a ␥1 late gene (8) , the ICP34.5 protein is detectable as early as 2 h postinfection in infected cell cultures (9) . The ICP34.5 gene is located in the internal and terminal repeat region of the viral genome and is mapped antisense to the latency-associated transcripts (LATs) and the long/short junction transcript (L/ST). Previous studies suggested that ICP34.5 expression is regulated by several mechanisms. Overexpressing the L/ST transcript by mutating the ICP4 binding site at the transcriptional starting site of L/ST dramatically reduces ICP34.5 expression (10) (11) (12) . In addition, two latently and acutely expressed HSV-2 LAT-encoded miRNAs target both the 5= untranslated region (UTR) and exon 1 of ICP34.5 (13) (14) (15) (16) (17) (18) . This regulated ICP34.5 expression may play an important role during establishment of viral latency and spontaneous reactivation.
The mechanism by which ICP34.5 promotes viral neurovirulence is not entirely clear. Both HSV-1 and HSV-2 ICP34.5 contain a conserved C-terminal GADD34 domain (19, 20) and a less conserved N-terminal domain. The C-terminal GADD34 domain of ICP34.5 counteracts protein kinase R (PKR)-mediated Ser-51 phosphorylation of eIF2, and therefore blocks translation shutoff by abolishing its interaction with protein phosphatase 1 (PP1) (19, 20) . HSV-1 ICP34.5 mutants with deletion of the GADD34 domain are unable to replicate in neuronal cells and are not neurovirulent (2, 21) . The N-terminal region of HSV-1 ICP34.5 binds to Beclin-1 and inhibits autophagy, which contributes to neurovirulence in a PKR-dependent manner (22, 23) . The N-terminal domain of HSV-1 ICP34.5, which partially overlaps the Beclin-1 binding domain (see Fig. 2A ), also interacts with TANK-binding kinase 1 (TBK1) to disrupt interferon-regulatory factor 3 (IRF3) activity and beta interferon (IFN-␤) expression (24, 25) . Studies also suggested that the N-terminal domain of HSV-1 ICP34.5, overlapping with Beclin-1 and TBK1 binding domains (amino acids [aa] 30 to 106), is important for efficient virus egress/release in mouse cells (26, 27) , although it is not clear whether this function is related to its interaction with Beclin-1 or TBK1.
HSV ICP27, an immediate-early (IE) gene, is highly conserved between HSV-1 and HSV-2. ICP27 is a multifunctional protein and plays an essential role in the expression of viral late genes (28, 29) . ICP27 interacts and colocalizes with cellular splicing factors, including small nuclear ribonucleoproteins (snRNPs) (30) , SR proteins, SR protein kinase 1 (SRPK1) (31) , and spliceosomeassociated protein 145 (SAP145) (32) , and is suggested to inhibit the splicing of cellular pre-mRNAs by impairing spliceosomal assembly (for a review, see reference 33). Recently, HSV-1 ICP27 has been shown to modify alternative splicing of HSV-1 gC protein and promyelocytic leukemia (PML) isoforms (34, 35) .
Although closely related, HSV-1 and HSV-2 are clearly different from each other in terms of viral pathogenesis. For example, HSV-2 is generally more neurovirulent than HSV-1 in various experimental animal models (36) (37) (38) . Unlike its HSV-1 homologue, HSV-2's major viral neurovirulence factor, ICP34.5, is a spliced gene and contains an intron (39) . HSV-2 ICP34.5 also lacks the central proline-alanine-threonine (PAT) repeats, which are required for HSV-1 neuroinvasion and are also critical for the subcellular localization of HSV-1 ICP34.5 protein and for viral release (40) (41) (42) . In addition, several key functions of HSV-1 ICP34.5 such as binding with TBK1 and Beclin-1 that are attributed to the less conserved N-terminal domain have not been verified in HSV-2 ICP34.5. Thus, more complete knowledge of the molecular function of HSV-2 ICP34.5 will improve understanding of viral neurovirulence and the differences between HSV-1 and HSV-2 pathogenesis. In this report, we identified a novel truncated form of ICP34.5 (ICP34.5␤) in HSV-2-infected cells. ICP34.5␤ is encoded by an unspliced ICP34.5 mRNA and exhibits distinct function and subcellular localization compared to its spliced counterpart (ICP34.5␣). Efficient expression of ICP34.5␤ is dependent on viral infection or ICP27 expression. Further, we showed the C-terminal domain of ICP27 is required for the efficient and specific inhibition of ICP34.5 splicing.
MATERIALS AND METHODS
Cells, viruses, and antibodies. HSV-2 strain HG52 (GenBank accession no. NC_001798) and HSV-1 strain 17synϩ (GenBank accession no. NC_001806) genomic sequences were used as reference sequences. ICP34.5 protein sequences were deduced by translating these nucleic acid sequences. Vero, 293, HeLa, and U2OS cell lines were obtained from ATCC. HSV-2 strain 333 was obtained from Gary Hayward (Johns Hopkins University, Baltimore, MD). HSV-1 ICP34.5 deletion mutant virus R3616 and its deletion-repaired rescuant virus, R3659, were obtained from Bernard Roizman (University of Chicago, Chicago, IL). Rabbit polyclonal anti-HSV-2 ICP34.5 and ICP0 were raised against synthetic peptides as reported previously (14, 15) . Mouse monoclonal anti-HSV ICP27 antibody (Ab31631) was obtained from Abcam. Anti-␤-tubulin was obtained from BD Bioscience. Antibodies for human Phospho-eIF2␣ (Ser51) and eIF2␣ were obtained from Cell Signaling Technology. Monoclonal mouse anti-C23 antibody (MS3) was obtained from Santa Cruz Biotech. Alexa Fluor 488-conjugated goat anti-rabbit IgG and Alexa Fluor 555-conjugated goat anti-mouse IgG were obtained from Invitrogen.
Plasmids. Full-length HSV-2 ICP34.5 (pICP34.5-full) was cloned by first inserting a PCR-amplified HSV-2 ICP34.5 region, including the 5= UTR, the entire coding region and its stop codon using the PCR primers oST395 (GGAAAAGAGGCGGGGCGGGAGTCC) and oST426 (GGTTC AACCCTAGACCGCCCGACGG) into a pCR4 Topo clone vector (Invitrogen) and then subcloning into the pFlag vector (Sigma) EcoRI site. pICP34.5␣ was cloned by first inserting a reverse transcription-PCR (RT-PCR)-amplified spliced HSV-2 ICP34.5 region with the primers oST432 (GAGCCCAGCCGCCCGCCATGT) and oST426 (using cDNA from HSV-2 strain 333-infected Vero cell as a template) and then subcloning into the pFlag vector (not in frame with flag tag). pICP34.5␤ was cloned by first inserting a PCR-amplified HSV-2 ICP34.5 region, including exon 1 and a partial intron that contains the stop codon with the primers oST432 and oST398 (GAGGGGCGTCAGGGGGTCGGAGG) and then subcloning into the pFlag vector (not in frame with flag tag). pICP27 was cloned by inserting a PCR fragment containing the HSV-2 ICP27 coding region with the primers oST718 (CACCATGGCTACCGACATTGATAT GCTAATCGA) and oST719 (AAATAGGGAGTTGCAGTAGAAGTATT TGCC) into a pcDNA3.1 Topo directional clone vector (Invitrogen). HSV-2 ICP27 mutant plasmids, including d1-2 (with deletion of aa 12 to 63), ⌬RGG (with deletion of the RGG motif from to aa 133 to 155), ⌬RR2 (with deletion of RGG and adjacent RNA binding sequence from aa 133 to 171), and M15 (with a two amino acid mutations, including Pro466Leu and Gly467Glu at the KH3 domain were obtained from Masatoshi Hagiwara and Takayuki Nojima (Tokyo Medical and Dental University, Tokyo, Japan). HSV-1 ICP34.5 was amplified using oST760 (CACCATGGC CCGCCGCCGCCGCCAT) and oST764 (GACCGAGTTCGCCGGGCC GGCT) as primers and the HSV-1 strain 17 DNA as a template and cloned into the pcDNA3.1 Topo direction clone vector (Invitrogen). pST1 (a KSHV K8 expression plasmid) and pWX1 (an HPV16 E6E7 expression plasmid) were obtained from Zhiming Zheng (National Cancer Institute, Bethesda, MD) (43, 44) .
Transfection, RT-PCR, and Western blot. Five million 293 cells were transfected with plasmids in six-well plates with plasmids indicated in the figures using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. cDNA was made using the first-strand cDNA kit (Invitrogen) using 2 g of total RNA prepared by the All-Prep DNA/RNA kit (Qiagen) from transfected or infected cells. RT-PCR using various cDNAs and the primers indicated in the figures were performed with a Hot-Star high-fidelity Taq polymerase kit (Qiagen). Oligonucleotides used in RTPCRs to amplify specific genes as indicated in the figures included oST432, oST398, oST426, and oST731 (TTTGTAGTCAGCCCGGGATCCTC), oST732 (GGAGAGCGGGCCTCGCGCAGAC), oST728 (GACCTGTAC GCCAACACAG), oST729 (TCGTCATACTCCTGCTTGC), oST724 (CATGGCAGCAGTAAAGCAAG), oST725 (GCATTGTTCCCATAGA GTTCC), oST726 (TACATGTTCCAATATGATTC), oST727 (GTGGAC TCCACGACGTACTC), oST1 (ACCACCAAGAGGACCACACATTTC), oST3 (CACACAAAGTCTGGCATGGTTCTCCC), pr106 (GTTTCAGG ACCCACAGGAGC), and pr562 (TGATTACAGCTGGGTTTC). Total proteins from infected or transfected cells were prepared in 2ϫ sodium dodecyl sulfate (SDS) sample buffer, separated by a NuPAGE 4 to 12% polyacrylamide gel electrophoresis (PAGE) gel (Invitrogen), and transferred to a nitrocellulose membrane (Invitrogen). Western blots were performed with corresponding antibodies on the same membranes after stripping.
Immunofluorescence assay for HSV-2 ICP34.5 in transfected and infected cells. Vero cells were grown on glass coverslips in six-well plates overnight before transfection with 0.5 g of pICP34.5␤, pICP34.5␣, or pICP34.5-full. Cells on the coverslips were washed twice with phosphatebuffered saline (PBS) and fixed with 1ϫ PBS containing 4% paraformaldehyde at 24 h posttransfection. Cells were permeabilized and blocked in a PBS solution containing 0.1% Triton X-100 and 10% normal goat serum (Sigma) for 1 h. The coverslips were incubated with a rabbit anti-HSV-2 antibody solution containing 0.1% Triton X-100, 10% normal goat serum, and 1:100 diluted anti-ICP34.5 antibody) for 2 h and then washed for four times with a PBS wash solution containing 0.1% Triton X-100. After a washing step, the coverslips were incubated with fluorescein-conjugated goat anti-rabbit IgG (Vector Laboratories, CA) solution (containing 1ϫ PBS, 0.1% Triton X-100, 10% normal goat serum, and 1:50-diluted fluorescein-conjugated goat anti-rabbit IgG) for 1 h. The coverslips were then washed four times with the wash solution before being mounted with Fluoromount-G containing DAPI (Southern Biotech). The stained cells were examined using a Nikon ECLIPSE Ti Fluoresce microscope (Nikon, NY). Vero cells grown on four-well chamber slides (Fisher Scientific, MA) were infected with or without HSV-2 strain 333 at a multiplicity of infection (MOI) of 10. The cells were fixed at 5 or 16 h postinfection (hpi) and then stained with the anti-HSV-2 ICP34.5 antibody and Alexa Fluor 488-conjugated goat anti-rabbit IgG according to the procedures described above. The stained cells were washed and mounted with Fluoromount-G containing DAPI (4=,6=-diamidino-2-phenylindole). The chamber slides were examined using a Zeiss laser scan confocal microscope LSM 510 (Carl Zeiss, Germany) with a ϫ63 oil objective. A pinhole was set at 1 airy unit (AU), and a ϫ1.5 zoom was used. Similarly, U2OS cells grown on four-well chamber slides (Fisher Scientific, MA) were transfected with pICP34.5␣ or pICP34.5␤. At 24 h posttransfection, cells were fixed with methanol (Ϫ20°C) or 4% paraformaldehyde. The cells were washed three times with PBS and then permeabilized and blocked in PBS containing 0.1% Triton X-100 and 10% normal goat serum for 1 h before incubation with 1:100-diluted anti-ICP34.5 antibody and 1:50-diluted anti-C23 antibody overnight. After washing, the coverslips were incubated with a secondary antibody solution (containing 1ϫ PBS, 0.1% Triton X-100, 10% normal goat serum, 1:50-diluted Alexa Fluor 488-conjugated goat anti-rabbit IgG, and Alexa Fluor 555-conjugated goat anti-mouse IgG for 1 h. The chamber slides were washed and mounted before being examined using the Nikon Eclipse Ti fluorescence microscope.
RESULTS
HSV-2 ICP34.5 is an alternatively spliced gene and encodes a novel form of ICP34.5. Western blots with a HSV-2 ICP34.5 specific antibody of proteins from HSV-2-infected cell cultures, in addition to the 38-kDa protein that corresponds to the size of the predicted full-length HSV-2 ICP34.5, showed a 28-kDa protein band. Both the 28-and the 38-kDa proteins were detected as early as 3 h postinfection (hpi), and expression of the 28-and 38-kDa proteins increased dramatically during the late infection (Fig. 1A) . The ratio of the 28-kDa bands to 38-kDa bands did not change dramatically as infection progressed. The 28-kDa protein was detected in both early and late infection by an ICP34.5-specific antibody that was raised against ICP34.5-specific short peptides (23) , suggesting that the 28-kDa protein contains some of the same peptide sequences and is likely encoded by the HSV-2 ICP34.5 gene. Sequence analysis revealed a premature stop codon in the intron of HSV-2 ICP34.5, which in contrast to HSV-1 ICP34.5, is a spliced gene. We thus hypothesized that the 28-kDa protein is translated from the unspliced ICP34.5 mRNA and named the 38-and 28-kDa proteins ICP34.5␣ and ICP34.5␤, respectively. Indeed, in addition to the spliced ICP34.5 mRNA, we detected the unspliced ICP34.5 mRNA in HSV-2-infected cell culture by RT-PCR using primers spanning the splice junction regions and the intron (Fig. 1B) , indicating that the ICP34.5 mRNA is not efficiently spliced in infected cell culture. We verified that these PCR products corresponded to spliced and unspliced ICP34.5 mRNAs by gel purifying and Topo cloning the PCR products and sequencing at least 24 clones of each PCR product. These experiments identified no additional splicing site for HSV-2 ICP34.5.
We next generated cytomegalovirus immediate-early (IE) promoter-driven expression constructs containing either the fulllength unspliced ICP34.5 (pICP34.5-full) or the spliced cDNA (pICP34.5␣). For the hypothesized unspliced ICP34.5␤ product, we also constructed an expression clone containing the entire exon 1 and partial intron sequences with the premature stop codon included (pICP34.5␤). These IC34.5 expression plasmids were transfected into 293 cells, and their protein products were detected by Western blotting with the ICP34.5-specific antibody. As predicted, both pICP34.5-full and pICP34.5␣ expressed the 38-kDa protein, and the pICP34.5␤ expressed the 28-kDa protein (Fig. 1C) , suggesting that ICP34.5␤ is translated from the ICP34.5 unspliced mRNA. The 28-kDa protein was not detected in cells transfected with pICP34.5-full, suggesting that ICP34.5 is efficiently spliced when expressed alone in transfected cells and that the efficient expression of ICP34.5␤ may be dependent on viral factors.
HSV-2 ICP34.5␣, but not ICP34.5␤, is capable of reducing the Ser-51 phosphorylation of eIF2␣. Both HSV-1 and HSV-2 ICP34.5 have a conserved C-terminal GADD34-homologous do- corresponding to 38 and 28 kDa were detected using a HSV-2 ICP34.5-specific antibody in Vero cells infected with HSV-2. Vero cells were infected with HSV-2 at a multiplicity of infection (MOI) of 2. Total cell proteins prepared at 0, 3, 5, 8, and 16 hpi were separated by a using a 4 to 12% PAGE gel and transferred to a nitrocellulose membrane. The same membrane was blotted with an anti-HSV-2 ICP34.5 antibody, an anti-HSV-2 ICP0 antibody, and an anti-tubulin antibody after stripping. The second panel is an overexposed image of the first panel. (B) HSV-2 ICP34.5 is not efficiently spliced in HSV-2-infected cell cultures. Total RNA from Vero cells infected with HSV-2 was extracted at 16 hpi. ICP34.5 mRNAs were detected by RT-PCR using exon 1 and intron-specific primers (oST432 and oST398) or exon 1 and exon 2-specific primers (oST432 and oST426). The PCR products were cloned into the pCR4 Topo cloning vector and verified by sequencing before being subcloned into a pFlag expression vector to construct pICP34.5␣, pICP34.5␤ and pICP34.5-full as described in Materials and Methods. main, which counteracts PKR-mediated Ser-51 phosphorylation of eIF2 and translation shutoff through interaction with PP1 and phosphorylated eIF2 (p-eIF2) ( Fig. 2A) . However, ICP34.5␤, the novel form of HSV-2 ICP34.5, does not contain the conserved GADD34 domain. Instead, it has an additional 19 aa encoded by the intron (Fig. 2A) . The nucleotide sequence for the C-terminal 19 aa and the stop codon is identical between the two viral strains (strains 333 and HG52) for which ICP34.5 sequences are available in GenBank. We used an HSV-1 mutant virus complementation model to test the ability of ICP34.5␣ and ICP34.5␤ to reduce Ser-51 phosphorylation. R3616 is a HSV-1 ICP34.5 deletion mutant that has been shown to induce eIF2␣ phosphorylation in infected cell culture (45, 46) . R3659, the rescuant virus for R3616 that contains wild-type HSV-1 ICP34.5 and is thus competent in reducing eIF2␣ phosphorylation, was also included as a control. We pretransfected HeLa cells with pICP34.5␤ and pICP34.5␣, either alone or in combination, before infection with R3616 or R3659. We found that HSV-2 ICP34.5␣, but not ICP34.5␤, reduced the Ser-51 phosphorylation of eIF2␣ induced by R3616 infection (Fig. 2B) . When ICP34.5␣ and ICP34.5␤ were transfected together, ICP34.5␤ did not detectably interfere with ICP34.5␣'s function to reduce Ser-51 phosphorylation of eIF2␣ (Fig. 2B) .
HSV-2 ICP34.5␤ is predominantly localized in the nucleus, whereas HSV-2 ICP34.5␣ is mainly localized in the cytoplasm. To better understand the potential function of ICP34.5␤, we examined its intracellular localization by immunofluorescence. In Vero cells transfected with various ICP34.5 expression constructs, ICP34.5␣ is predominantly located in the cytoplasm but also displays a ring-shaped nuclear pattern as shown in subpanels d, e, and f in Fig. 3A . The ring-shaped nuclear pattern resembles the nucleolus, where a fraction of HSV-1 ICP34.5 is also localized (47) . ICP34.5␤ was predominantly detected more diffusely in the nucleus, also with a similar ring-shaped nucleolus-like pattern as shown in subpanels a, b, and c in Fig. 3A, implying that ICP34 .5␤, the novel form of ICP34.5, may have a biological function different from that of ICP34.5␣. ICP34.5 expressed from pICP34.5-full showed intracellular localization identical to that of pICP34.5␣, as shown in subpanels g, h, and i in Fig. 3A , consistent with inefficient expression of ICP34.5␤ in cells transfected with the fulllength ICP34.5 genomic sequence. Using laser scanning confocal microscopy with the same anti-HSV-2 ICP34.5 antibody, in HSV-2-infected Vero cells, ICP34.5 proteins (a mixture of ICP34.5␤ and ICP34.5␣) were distributed in both the nucleus and the cytoplasm throughout early and late infection (Fig. 3B) . A cytoplasmic pattern, with nuclear densities (also consistent with nucleolar localization) were observed for ICP34.5 at the early time point (5 hpi). By 16 hpi, the cells were pyknotic and the cytoplasm was considerably smaller than at 5 h. At 16 hpi, ICP34.5 was also detected in both cytoplasm and nucleus. This pattern is different from that reported for HSV-1 ICP34.5, which is predominantly localized in the nucleus early in infection, but shifts to the cytoplasm during late infection (41, 47, 48) . The stronger nuclear signal for ICP34.5 in HSV-2-infected Vero cells is consistent in loca- A fraction of HSV-1 ICP34.5 is also detected in the nucleolus (47) . To verify that HSV-2 ICP34.5 is partly localized in the nucleolus, we costained U2OS cells transfected with ICP34.5␤ and ICP34.5␣ expression constructs with both the anti-ICP34.5 antibody and an antibody against nucleolin (C23). In cells fixed with formalin or paraformaldehyde, C23 is reported to be detected in the nucleus, with a diffuse pattern. However, immunofluorescence staining of methanol-fixed cells using anti-C23 identifies the nucleolus (although the typically ring-shaped nucleolar structure collapses into a denser structure), indicating that nucleolin is a specific nucleolar marker when using methanol-fixed cells (47) . We found that a fraction of both ICP34.5␣ and ICP34.5␤ colocalized with C23 when cells were fixed with methanol, confirming that a fraction of HSV-2 ICP34.5 is localized in nucleoli, which are relatively more abundant in U2OS cells (Fig. 3C) .
Efficient expression of HSV-2 ICP34.5␤ is dependent on ICP27. Based on the observation that ICP34.5␤ is efficiently expressed in virus-infected cells but not in cells transfected with pICP34.5-full, which contains the full-length ICP34.5 genomic sequence, we hypothesized that viral infection may be required for ICP34.5␤ expression. To test this hypothesis, we transfected Vero cells with pICP34.5-full and examined ICP34.5 splicing in the presence or absence of HSV-2 infection using RT-PCR. To distinguish the ICP34.5 mRNAs expressed by the transfected pICP34.5-full from those expressed by virus, we designed two sets of primers for ICP34.5, with one set specifically detecting ICP34.5 mRNAs expressed from pICP34.5-full and the other set for ICP34.5 mRNAs expressed from HSV-2. We also used specific primers flanking constitutively spliced or alternatively spliced introns of cellular spliced genes including ␤-actin, GAPDH (glyceraldehyde-3-phosphate dehydrogenase), and Bcl-XL/S as controls. RT-PCR results confirmed that ICP34.5 expressed from pICP34.5-full is spliced efficiently in cells without viral infection (Fig. 4) , which explains why ICP34.5␤ protein is not efficiently expressed under this condition (Fig. 1) . However, ICP34.5 mRNA expressed by pICP34.5-full is not efficiently spliced in HSV-2-infected cells (Fig. 4) , suggesting that ICP34.5 splicing is dramatically inhibited by viral infection. Splicing of the ICP34.5 mRNA expressed by the transfected pICP34.5-full was inhibited to a larger extent than that of the ICP34.5 expressed from the virus (Fig. 4) . Similar results were also observed when replacing HSV-2 with HSV-1 infection in the pICP34.5-full transfected cells (data not shown). In contrast, the splicing of several constitutively or alternatively spliced cellular genes including ␤-actin, GAPDH, and Bcl-XL/S was not appreciably modified by viral infection. These results suggested that the inhibition of the ICP34.5 splicing by HSV-2 is specific to ICP34.5 and might not be a result of a general inhibition of splicing by viral infection (Fig. 4) .
Since ICP27 was reported to modify general splicing and alternative splicing (33), we tested for a potential role of ICP27 in the inhibition of HSV-2 ICP34.5 pre-mRNA splicing. In a transient transfection experiment, we found that coexpression of HSV-2 ICP27 and ICP34.5 resulted in a dramatic increase in the levels of unspliced ICP34.5 mRNA and a reduction in that of the spliced with pICP34.5-full prior to HSV-2 or mock infection at an MOI of 2. cDNAs were prepared using total RNA at 16 h posttransfection. RT-PCR was performed using specific primers indicated in the figure. Primer sets specific to expression vector or to HSV-2 were used to detect ICP34.5 transcripts from pICP34.5-full or virus, respectively. RT-PCR using the same set of cDNAs, and primer sets specific to GAPDH, Bcl-XL/S, and ␤-actin were used as loading and endogenous splicing efficiency controls.
form, indicative of splicing inhibition (Fig. 5A) . In contrast, the splicing patterns of cellular genes, such as alternatively spliced Bcl-XL/S and constitutively spliced GAPDH and ␤-actin, were not altered by ICP27 (Fig. 5A) . These results indicate that ICP27 inhibits ICP34.5 splicing in a gene-specific manner. Furthermore, at the protein level, cotransfection of ICP27 and ICP34.5 reduced the expression of ICP34.5␣ but increased the expression of ICP34.5␤ (Fig. 5B) , which is consistent with their mRNA levels show by the RT-PCR results (Fig. 5A) .
To further confirm that inhibition of ICP34.5 alternative splicing by ICP27 is specific, we cotransfected 293 cells with pICP34.5-full and two known alternatively spliced gene reporters, pST1 (44) , a KSHV K8␣ and ␤ gene reporter, and pWX1 (43), a HPV16 E6/E7 gene reporter, with or without pICP27. The RT-PCR results confirmed that ICP34.5 splicing was inhibited by ICP27 (Fig. 5C) . However, alternative splicing of neither KSHV K8 nor HPV16 E6/E7 was affected by ICP27 as examined by RT-PCR using specific primers and the same cDNAs (Fig. 5C ). The cellular GAPDH splicing pattern was also not affected, consistent with findings shown in Fig. 5A and further confirming that ICP27 specifically modifies ICP34.5 alternative splicing, promoting ICP34.5␤ expression and inhibiting ICP34.5␣ expression.
The C-terminal domain of ICP27 is required for its specific inhibition of ICP34.5 splicing, as well as for promotion of ICP34.5␤ expression. ICP27 is a multifunctional protein, and many of its functions have been mapped to different regions of the protein (33) . To further dissect which region of ICP27 mediates its inhibitory effect on ICP34.5 splicing, we tested the impact of various HSV-2 ICP27 mutants (including d1-2, ⌬RGG, ⌬RR2, and M15) on the ICP34.5 splicing pattern by RT-PCR in a cotransfection experiment using pICP34.5. A diagram of these ICP27 mutants is shown in Fig. 6A . ICP27 mutants either with deletion of the majority of the nuclear export signal (d1-2) or deletions of the RNA-binding domains (⌬RGG and ⌬R2) retained the ability to inhibit ICP34.5 splicing (Fig. 6B) . However, a 2-aa mutation at the C terminus of ICP27 (M15) abolished its inhibitory effect on ICP34.5 splicing as detected by a reduction in the level of the unspliced transcript, demonstrating the importance of the C-terminal KH3 domain of ICP27 in inhibition of ICP34.5 splicing. By Western blotting, d1-2, ⌬RGG, and ⌬RR2 mutants increased expression of ICP34.5␤ (Fig. 6B) . However, the level of ICP34.5␤ protein was significantly lower in cells transfected with the M15 mutant than with the other mutants and the wild-type ICP27 transfected cells. These results were consistent with the levels of mRNAs. 293 cells were cotransfected with pICP34.5-full and either pICP27 or pFlag vector. cDNAs were prepared using total RNAs at 24 h posttransfection. RT-PCR was performed using the same set of cDNAs and the specific primers indicated in the figures. (B) ICP27 promotes ICP34.5␤ protein expression. 293 cells were cotransfected with pICP34.5-full and either pICP27 or pFlag vector. Total protein was prepared at 18 h posttransfection. The same membrane was blotted with an anti-␤-tubulin antibody and a monoclonal anti-ICP27 antibody after stripping. (C) Inhibition of ICP34.5 splicing by ICP27 is much more efficient than that of other reporters, including KSHV K8 and HPV16 E6E7 genes. 293 cells were cotransfected with pICP34.5-full, pST1 (KSHV K8 gene reporter), or pWX1 (HPV16 E6E7 gene reporter) and either pICP27 or pFlag vector. cDNAs were prepared using total RNAs at 24 h posttransfection. RT-PCR was performed using the same set of cDNAs and specific primers indicated in the figure. the unspliced ICP34.5 mRNA shown by RT-PCR (Fig. 6B) . The expression levels of the ICP27 mutants were comparable, as indicated by Western blotting using a monoclonal anti-ICP27 antibody (H113). A protein smaller than wild-type or mutant ICP27 was also detected by the ICP27 antibody. A similar band was also detected in HSV-2-infected cell cultures (data not shown). Only one band was detected by a flag-specific antibody when flagtagged ICP27 was expressed (data not shown), suggesting the smaller band is likely a degradation product of ICP27. Therefore, both RT-PCR and Western blot results demonstrated that the C terminus of ICP27 is required for its specific inhibition of ICP34.5 splicing as well as promotion of ICP34.5␤ expression.
DISCUSSION
The mechanism by which ICP34.5 promotes viral neurovirulence is not clear. In the present study, in addition to the fulllength ICP34.5, we identified a novel form of HSV-2 ICP34.5, denoted ICP34.5␤. HSV-2 ICP34.5␤ is translated from the unspliced ICP34.5 mRNA, is detectable as early as 3 hpi, and accumulates dramatically during late viral infection. Efficient expression of ICP34.5␤ is dependent on expression of ICP27, a multifunctional immediate-earlier gene. ICP27 specifically inhibits ICP34.5 splicing and promotes ICP34.5␤ expression.
The C-terminal domain of ICP27 is critical for its inhibition on the ICP34.5 alternative splicing. HSV-2 ICP34.5␣ and ICP34.5␤ are distributed among the cytoplasm and nucleus. However, ICP34.5␤ is predominantly located in the nucleus (mostly in nucleoli), while ICP34.5␣ is predominantly located in cytoplasm. HSV-1 ICP34.5 has been shown to contain a nuclear localization signal (NLS; aa 188 to 206) within the GADD34 domain, a nucleolar localization signal (aa 1 to 16), and a nuclear exporting signal (NES; aa 128 to 137) (41, 47) . The nucleolar localization signal (aa 1 to 16) also functions as an NLS. These localization signal sequences also mapped to HSV-2 ICP34.5␣ by sequence homology analysis. However, HSV-2 ICP34.5␤ does not contain the GADD34 domain and thus lacks the NLS embedded in this region. ICP34.5␤ does contain the nucleolar localization signal (aa 1 to 16) and the NES. The fact that ICP34.5␣ also showed a strong cytoplasmic signal suggests that, in addition to the NES, sequences in the C-terminal domain of ICP34.5␣ (likely in addition to the NLS, which would provide for nuclear localization) are important for its cytoplasmic localization. The nuclear localization of ICP34.5 ␤ suggests that it may contain an additional nuclear localization signal or lack additional nuclear export element. The presence of multiple localization signals in each protein suggests that they may both be capable of shuttling between cytoplasm and nucleus. HSV-2 ICP34.5 lacks the central proline-alanine-threonine (PAT) repeats, which are required for HSV-1 neuroinvasion (42) . The number of PAT repeats also likely contributes to the subcellular localization of HSV-1 ICP34.5 (41) and efficient viral egress (40) . It remains to be determined how HSV-2 ICP34.5␣ and ICP34.5␤ retain their neuroinvasion function without the PAT repeats.
The efficient expression of ICP34.5␤ is dependent on the specific inhibition of ICP34.5 splicing by ICP27 or viral infection. It has been reported that HSV-1 ICP27, a conserved homolog of HSV-2 ICP27, can inhibit global gene splicing through inhibition of spliceosomal assembly (33) . However, we observed that ICP27 inhibits ICP34.5 splicing much more efficiently than it inhibits other constitutive or alternative splicing of viral or cellular genes, suggesting that the specific inhibition of ICP34.5 splicing is not due to global splicing inhibition. Furthermore, we demonstrated that the C-terminal domain of ICP27 is critical for the inhibition of ICP34.5 splicing as mutation of two amino acids in the C-terminal KH3 domain (M15) abolishes the ICP27 effect on ICP34.5 splicing and consequently the ICP34.5␤ protein expression level (Fig. 6B) . Recently, HSV-1 ICP27 was reported to inhibit the splicing of glycoprotein C (gC) and thus to reduce the expression of soluble gC, the product of the alternatively spliced transcript (35, 49) . In transfected cells, expression of both full-length and the truncated soluble gC requires the presence of ICP27 to counteract the effect of a cis-acting inhibitory sequence in the gC gene (49) . However, the expression of ICP34.5␣ in transfected cells is independent of ICP27, suggesting a different mechanism. HSV-2 ICP27 was also reported to modify promyelocytic leukemia (PML) isoforms by altering pre-mRNA splicing (34) . Nojima et al. proposed that the weak 3= splice site of the PML intron 7a is a specific target for splicing inhibition by ICP27. However, we did not identify similar suboptimal splicing sites in ICP34.5, a finding suggestive of alternative inhibition mechanisms. Further study of the mechanism by which ICP27 specifically inhibits ICP34.5 splicing may help unveil more viral and cellular alternative splicing targets for ICP27.
Several key functions of HSV-1 ICP34.5, including inhibition of autophagy through binding to Beclin-1 and inhibition of transforming growth factor ␤ expression through binding to TBK1, have been mapped to its N-terminal region. The Beclin-1 and TBK1 binding sequences in HSV-1 ICP34.5 are partially overlapping ( Fig. 2A) . It is not known whether the relatively nonhomologous N-terminal domain of HSV-2 ICP34.5 has similar functions, but it seems unlikely that this region would account for differences in function between ICP34.5␣ and ICP34.5␤ because it is present in both. It was reported that compared to the wildtype virus, an ICP34.5 intron deletion mutant has similar replication efficiency in vitro and similar neurovirulence in an intracerebral murine model (39) . Thus, it seems likely that any effect of inhibiting ICP34.5 splicing to express ICP34.5␤ was not readily detectable in these assays. One possibility is that inhibition of ICP34.5 splicing reduces ICP34.5␣ expression and thus reduces neurovirulence, implying that an intron-deletion mutant might be predicted to be more neurovirulent than wild-type virus. These experiments were not designed to detect such outcomes, considering the high baseline neurovirulence of HSV-2 and the absence of a rescuant virus. It is also possible that upregulated ICP34.5␣ in ICP34.5 intron deletion mutant-infected cells could compensate for the loss of ICP34.5␤ function in these models. Further experiments are needed in order to examine the role of ICP34.5 splicing in the virus life cycle.
The best-characterized functions for ICP34.5 to date are cytoplasm-related functions. A potential nuclear function of ICP34.5 has been hypothesized. HSV-1 ICP34.5 was reported to interact with PCNA-1, a nucleolar protein in the late S phase of the cell cycle, through binding of its C-terminal conserved sequences and possibly also the N-terminal region (48, 50) . Given the fact that ICP34.5␤ lacks the C-terminal conserved domain, it seems unlikely that ICP34.5␤ interacts with PCNA-1, although both show nucleolar localization. Therefore, further study of the nuclear function of ICP34.5␤ is needed to improve understanding of the nuclear function of ICP34.5.
Although it is still not known whether ICP27 also influences ICP34.5 expression at the transcriptional level, it is clear that ICP27 posttranscriptionally regulates HSV-2 ICP34.5␣ and ICP34.5␤ expression levels and their ratio. As expression of the unspliced ICP34.5 mRNA encoding ICP34.5␤ increases, spliced ICP34.5 mRNA encoding ICP34.5␣ is reduced by ICP27 ( Fig. 5  and 6 ). Similarly, ICP34.5␣ protein expression is inhibited while ICP34.5␤ protein expression is promoted by ICP27, suggesting that the levels of different ICP34.5 isoforms are regulated by ICP27 ( Fig. 5 and 6 ). ICP34.5 is one of a few spliced genes that are conserved in the HSV-2 strains (333 and HG52) for which ICP34.5 sequence is available, suggesting the evolutionary importance of this splicing mechanism. In contrast, an average human gene contains between 8 and 9 introns, and there are approximately 190,159 introns in 21,746 protein-coding genes in the human genome (51) . The fact that ICP27 inhibits ICP34.5 splicing much more efficiently and specifically than it does other cellular spliced genes suggests that such regulation of ICP34.5 by ICP27 likely plays a role in viral pathogenesis. We speculate that expression of ICP34.5␤, which contains the less conserved N-terminal sequences, offers an additional important nuclear function.
Since HSV-1 ICP34.5 does not encode an intron, it cannot be regulated by ICP27-mediated inhibition of splicing, suggesting that ICP27 plays somewhat different roles in HSV-1 and HSV-2. HSV-1 ICP27 was previously shown to inhibit HSV-1 ICP0 splicing and promote expression of a truncated protein through intron-retention retention (52) (53) (54) . Since HSV-1 and HSV-2 ICP27 have an overall homology of 83% and the HSV-1 and HSV-2 ICP27 C-terminal domain that in HSV-2 is important for specific inhibition of ICP34.5 splicing is even more highly conserved with ϳ94% homology, it will be interesting to determine whether HSV-2 ICP27 also plays a role in HSV-2 ICP0 splicing. We are currently investigating whether differences in how HSV-1 and HSV-2 ICP27 interacts with ICP0, ICP34.5, and ICP4 could potentially account for differences in HSV-1 and HSV-2 phenotypes.
We previously reported that HSV-2 ICP34.5 expression is likely regulated by two acutely and latently expressed viral miRNAs produced from the LAT promoter (15, 16) . In addition, ICP34.5 expression may also be regulated by ICP4-controlled L/ST expression (10) (11) (12) , possibly also through miRNAs (16) . These findings strongly suggest that as an important neurovirulence factor, expression of ICP34.5 is under tight control by multiple mechanisms that contribute to the most efficient viral life cycle. Further work is needed to better understand the mechanism by which ICP27 regulates HSV-2 ICP34.5 splicing and the potential contribution of ICP34.5␤ to the neurovirulence and recurrence phenotypes of HSV-2.
